Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by synovial inflammation and hyperplasia leading to progressive cartilage and bone destruction in which various inflammatory cytokines, such as TNF-α and IL-1, are involved (1) . Anti-TNF-α antibody and IL-1 receptor antagonist are effective in the prevention of both inflammation and joint erosion in early active RA; however, they are unable to completely stop the progression of joint destruction in patients with RA, indicating that the pathological process of RA is complex and that other factors are critically involved (2) (3) (4) (5) . Osteopontin (OPN) has been suggested as potential mediator of the promotion of joint destruction in patients with RA through the αvβ3 and αvβ5 integrins expressed on osteoclasts and chondrocytes (6) (7) (8) (9) (10) (11) . OPN is an extracellular matrix protein containing an Arg-Gly-Asp (RGD) sequence and upregulated in activated T cells, macrophages, invading synoviocytes, and articular chondrocytes associated with inflammation and tissue repair (12) (13) (14) . It has diverse functions, including cell adhesion, chemotaxis, and immunomodulation through interaction with integrins such as αvβ3 and αvβ5 (15) . Recent studies show that proteolytic modification of OPN by thrombin cleavage reveals cryptic binding sites for α9β1 and α4β1 integrins, preferentially expressed by neutrophils and by monocytes and lymphocytes, respectively (16) (17) (18) . The newly exposed binding site within OPN, SVVYGLR, promotes adhesion and migration of leukocytes and neutrophils through these alternative sites in an RGD-independent manner (19) . In addition, it has been shown that not only macrophages and lymphocytes but also neutrophils play an essential role in the pathogenesis of RA (20) (21) (22) (23) . Moreover, in RA synovial fluids, reduced levels of coagulation factors with concomitantly increased concentrations of thrombin activity and thrombin/antithrombin complexes have been found, reflecting activation of the coagulation cascade (24) (25) (26) . Thus, it is conceivable that the thrombincleaved form of OPN plays an important role in the development of arthritis.
To investigate whether the cryptic epitope of OPN generated by thrombin digestion is critically involved in the pathogenesis of RA, we previously generated the specific mAb 2K1 reacting to the SVVYGLR It has been shown that osteopontin (OPN) plays a pivotal role in the pathogenesis of rheumatoid arthritis (RA). However, the molecular mechanism of OPN action is yet to be elucidated. Splenic monocytes obtained from arthritic mice exhibited a significant capacity for cell migration toward thrombin-cleaved OPN but not toward full-length OPN. Migratory monocytes expressed α9 and α4 integrins. Since cleavage of OPN by thrombin exposes the cryptic epitope recognized by α9 and α4 integrins, we investigated the role of the cryptic epitope SLAYGLR in a murine RA model by using a specific antibody (M5) reacting to SLAYGLR sequence. The M5 antibody could abrogate monocyte migration toward the thrombin-cleaved form of OPN. Importantly, M5 antibody could inhibit the proliferation of synovium, bone erosion, and inflammatory cell infiltration in arthritic joints. Thus, we demonstrated that a cryptic epitope, the SLAYGLR sequence of murine OPN, is critically involved in the pathogenesis of a murine model of RA.
sequence of human OPN. We found that 2K1 monoclonal antibody could abrogate the interaction between human OPN and α9β1 integrin (27) . Although the classical αv integrin binding sequence GRGDS and thrombin cleavage sequence YGLRS are well conserved in various species, the cryptic epitope -SVVYGLR sequence in human OPN -is replaced by SLAYGLR in rat and mouse OPN (16, 28) . One possible approach to test the pivotal role of this cryptic epitope in a murine model of RA is to raise the specific antibody recognizing SLAYGLR. Thus, we have obtained the specific antisera (M5 Ab) reacting to SLAYGLR peptide. We examined the effect of M5 Ab in the murine arthritis model induced by a mixture of four anti-type II collagen monoclonal antibodies and LPS. We found that M5 Ab reacting with the SLAYGLR sequence exposed by thrombin cleavage of murine OPN significantly suppressed the development of arthritis in mice.
Methods

M5 antibody.
A purified IgG fraction of rabbit sera immunized with synthetic peptide (VDVPNGRGDSLAYG-LRS), referred to as M5 Ab, was used in this study.
BIAcore analysis. All experiments were performed at 25°C with a flow rate of 10 µl per minute using a BIAcore 2000 (BIAcore, Tokyo, Japan). Biotinylated ligands (SLAYGLR, GRGDS, or GRGDSLAYGLR peptide) were bound on the sensor chip SA (BIAcore), and then M5 Ab at 5 µg/ml in HBS buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% P20 surfectant [pH 7.4]) was injected. The surface plasmon resonance intensity was monitored.
In vitro migration assay. In vitro splenic monocyte migration was evaluated by using a 48-well microchemotaxis chamber (NeuroProbe, Gaithersburg, Maryland, USA) with polycarbonate filter (pore size, 5 µm). Recombinant murine OPN (Genzyme-Techne, Minneapolis, Minnesota, USA) was digested by thrombin (Sigma-Aldrich, St. Louis, Missouri, USA) at 5 µg of OPN per 2.0 U of enzyme at 37°C for 1 hour and used as a chemoattractant. The thrombin-cleaved OPN was incubated with the following antibodies: M5 Ab, anti-OPN N-terminal antisera (LB4225; LSL/ Cosmo Bio, Tokyo, Japan), anti-OPN polyclonal Ab (number 42808; Genzyme-Techne), anti-β3 integrin (2C9; BD PharMingen, San Diego, California, USA), and anti-CD44 (IM7; BD PharMingen) at 37°C for 15 minutes. For migration assay, splenic monocytes were prepared by collecting adherent cells on a plastic dish, and a majority of the cells expressed CD11c. After incubation at 37°C for 2 hours, the migrated cell numbers were quantitated by cell counts of 100 fields by using 100 ocular grids (×40).
Organ culture of neonatal mouse calvaria. The organ culture of neonatal mouse calvaria has been previously described in detail (29) . Calvarias (frontal and parietal bones) were removed from 1-or 2-day-old C57BL/6 mice and cultured for 7 days in 2 ml of DMEM supplemented with 10% fetal bovine serum and penicillin (100 U/ml) with either human parathyroid hormone (PTH) or IL-1α (Genzyme-Techne). The effects of M5 Ab (200 µg/ml) or anti-β3 integrin Ab (200 µg/ml) were evaluated. Normal rabbit and rat IgG (R&D Systems, Poquoson, Virginia, USA) were used as isotype control antibodies. The calcium concentration in media was measured using a commercial kit (Wako Pure Chemical Industries Ltd., Osaka, Japan).
Osteoclast formation assay. Bone marrow cells obtained from 8-week-old female DBA/1 mice (Charles River, Shizuoka, Japan) were suspended in α-MEM supplemented with 5% mouse serum and plated in flat-bottom 96-well plates (2 × 10 5 cells per well). The cells were incubated with 100 ng/ml murine M-CSF (Immuno-Biological Lab) and 30 ng/ml murine RANKL (Immuno-Biological Lab) in the presence or absence of M5 Ab for 7 days; the culture media was replaced every 3 days. Mature osteoclasts were visualized by a TRAP staining kit (Hokudo, Hokkaido, Japan) and counted microscopically.
Induction and clinical assessment of arthritis in mice. Arthritis was induced by using an arthritogenic mAb cocktail kit (Immuno-Biological Lab). Briefly, 7-weekold female C57BL/6 mice (Charles River, Shizuoka, Japan) were injected intravenously with a mixture of four anti-type II collagen mAbs (2 mg each) on day -4 followed by intraperitoneal injection with 100 µg of LPS (0111:B4) on day 0 (30). M5 Ab was administered intravenously at doses of 40, 150, and 400 µg per mouse on days 0 and 3. The arthritic group was intravenously administered 400 µg of rabbit IgG. The clinical severity of arthritis was graded up to 6 days after LPS administration in each of the four paws on a 1-3 scale as described previously (31) . The disease severity was recorded for each limb as follows: 0, normal; 1, slight swelling and/or redness in one joint; 2, moderate swelling in the entire paw; and 3, deformity and/or ankylosis.
Induction of arthritis by type II collagen was performed by the following methods. Male DBA/1 mice (7 weeks old) were immunized at the tail base with 200 µg of native bovine type II collagen (Cosmo Bio, Tokyo, Japan) emulsified in CFA containing Mycobacterium tuberculosis strain H37Rv (Wako Pure Chemical Industries Ltd.) and boosted with the same preparations of collagen plus CFA 3 weeks later. Then, the progress of the arthritis was observed for 2 weeks. M5 Ab was administered intravenously at 400 µg per mouse twice a week after the boost (a total of four times).
Histology. Histological assessment of the arthritic joint of four paws (ankles and interphalanges) on day 14 were assessed by staining with fast green/safranin O or hematoxylin and eosin. The degrees of synovial proliferation, leukocyte infiltration, and cartilage degeneration were graded as follows: 0, normal, 1, mild proliferation of synovium and minor leukocyte infiltration into synovium or minor erosion of the cartilage; 2, invasion of synovium into the joint space and moderate leukocyte infiltration or mild pannus erosion of the cartilage; and 3, extensive leukocyte infiltration into the joint space, fibrous ankylosis of the joints, and peripheral and subchondral cartilage erosion.
Flow cytometric analysis. Alteration of expression of integrins on splenocytes caused by onset of arthritis was analyzed by FACScan (Becton Dickinson, Franklin Lakes, New Jersey, USA). Cells were stained with anti-α4 integrin, anti-β3 integrin, and anti-CD44.
RT-PCR analysis. Total RNA from spleens and synovial tissues from ankles were extracted by commercial kit (Promega, Madison, Wisconsin, USA). In each group, joint extracts of three mice were pooled. RT-PCR was performed using specific primers. Primers for IL-1β, TNF-α, IL-6, IL-10, IFN-γ, and GAPDH were obtained from TOYOBO (Osaka, Japan). Primer sequences for OPN, α9 integrin, and α4 integrin were as follows: OPN (5′-ATGAGATTGGCAGTGATTTGCTT-3′ and 5′-TTAGTTGACCTCAGAAGATGCACTCT-3′), α9 integrin (5′-AAAGGCTGCAGCTGTCCCACATGGACGAAG-3′ and 5′-TTTAGAGAGATATTCTTCACAGCCCCCAAA-3′), and α4 integrin (5′-TGGAAGCTACTTAGGCTACT-3′ and 5′-TCCCACGACTTCGGTAGTAT-3′). Cycling conditions were 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute.
Statistical analysis. Statistical evaluation was performed based on Dunnet's multiple comparison test, or the Wilcoxon/Kruskal-Wallis rank-sum test for unpaired variables (two-tailed) was used to compare the differences between groups. P values less than 0.05 were considered significant. 
Results
Augmented migration of monocytes from arthritic mice toward thrombin-cleaved OPN paralleled with the α9 and α4 integrin expression. Splenic monocytes of normal mice did not show a significant level of migration toward full-length and thrombin-cleaved forms of murine OPN. In contrast, monocytes from arthritic mice exhibited significant migratory activity toward the thrombin-cleaved form but not the full-length murine OPN (Figure 1a) . The migratory activity was evident at day 1 and reached a plateau at day 3 ( Figure 1b) . To examine whether the augmented migratory activity of monocytes is related to the arthritis but not the simple consequence of LPS injection, we obtained monocytes of mice treated with LPS alone and found that monocytes did not migrate toward OPN (data not shown). We next examined the expression of OPN receptors on splenic monocytes from control and arthritic mice. The expression of α9 integrin began to increase on day 1, reached peak on day 3, and declined on day 6 (Figure 1c) . The expression of α4 integrin also increased on day 3. However, the expressions of β3 integrin and CD44 did not change on day 3 (Figure 1d) . Thus, the increased expression of α9 and α4 integrin paralleled with the increase of migratory activity of splenic monocytes toward thrombincleaved murine OPN. The thrombin-cleaved form of human OPN exposed a cryptic epitope, SVVYGLR, that contained both α9 and α4 integrin binding sites (16, 32) . To assess the importance of SLAYGLR sequence within murine OPN, which corresponds to the SVVLY-GR sequence in human OPN, we prepared M5 Ab, which specifically recognizes SLAYGLR. We first examined the specificity of M5 Ab by BIAcore. We have found that M5 Ab could equally bind to the immunizing peptide GRGDSLAYGLR and SLAYGLR but failed to bind to the αvβ3 integrin binding motif, GRGDS (Figure 2a) . We have examined whether M5 Ab crossreacts with molecule(s) other than the cryptic epitope of OPN. VCAM-1 is one of the ligands of α4 and α9 integrin and is known to participate in leukocyte migration (19) . We found that M5 Ab did not bind to VCAM-1 (data not shown). The splenic monocytes obtained from arthritic mice could migrate toward the thrombin-cleaved form of murine OPN but not the full-length form of murine OPN (Figure 2b ). The monocyte migration toward the thrombin-cleaved form of OPN was not inhibited by anti-β3 integrin mAb, anti-CD44 Ab, and control polyclonal antibodies. In contrast, M5 Ab could almost completely inhibit the cell migration, indicating that the SLAYGLR motif, but not the GRGDS motif, is critically involved in the cell migration against thrombin-cleaved OPN.
Protection against antibody-induced arthritis by M5 Ab correlates with inhibition of degeneration and inflammatory reaction, normal joint morphology, and improvement of general condition.
We demonstrated that M5 Ab possessed a prophylactic effect on arthritis. Treatment with M5 Ab on days 0 and 3 led to the delay of clinical onset of arthritis (Figure 3b) . However, by day 5 all mice had developed arthritis. Importantly, the severity of arthritis was significantly attenuated by M5 Ab treatment (Figure 3a) . The gross appearance of arthritic joint treated with M5 Ab was similar to that of normal mice (Figure 3c ). The systemic inflammatory responses in arthritic mice were reflected by the severe reduction in food intake and the loss of body weight on day 6 ( Figure 3, d and e) . Upon M5 Ab treatment, food intake was significantly improved (approximately 85% of control mice) and loss of body weight was inhibited. Thus, the general condition in arthritic mice was significantly improved after M5 Ab treatment. Moreover, therapeutic administration of M5 Ab after the onset of clinical symptom on day 3 markedly reduced the clinical score of arthritis (Figure 3f) . We also examined whether M5 Ab could inhibit the occurrence of arthritis in a murine model of type II collagen-induced arthritis. We found that 80% of mice developed arthritis by day 7 with type II collagen, whereas only 20% of mice developed arthritis after M5 Ab treatment (data not shown). Next, we evaluated the effect of M5 Ab on joint histology on day 14 after LPS injection (Figure 4, a-i) . The significant suppression of synovial hyperplasia ( Figure 4f M5 Ab inhibited osteoclast-mediated bone resorption and the expression of cytokine in arthritic joint. We further clarified the molecular mechanism of M5 Ab action on PTH-induced and IL-1α-induced bone resorption in vitro. PTH as well as IL-1 induced release of calcium into medium ( Figure 5, a and b) . M5 Ab completely inhibited the calcium release. PTH-induced bone resorption was only partially inhibited by the anti-β3 integrin Ab (Figure 5c ), indicating that αv integrin is only partially responsible for PTH-and IL-1α-induced bone resorption. Since PTH-induced bone resorption involved receptor activator of the NF-κB ligand (RANKL)/RANK pathway (33-35), we investigated whether the interaction of SLAYGLR and its receptor is located downstream of RANKL and murine macrophage colony-stimulating factor (M-CSF). Thus, bone marrow cell-derived progenitor was cultured in the presence of M-CSF and RANKL. M5 Ab could inhibit the number of tartrate-resistant acid phosphatase-positive (TRAP-positive) cells (Figure 5d ). We next tested in vivo interference of M5 Ab on proinflammatory cytokine expression in arthritic joints. Expressions of IL-1β, TNF-α, IL-6, and IL-10 were hardly present in joint tissues of normal mice but were clearly detected in arthritic joints (Figure 5e ). M5 Abtreated mice showed a marked decrease in expression Figure 3 Prophylactic and therapeutic treatment with M5 Ab ameliorated symptoms of arthritis. M5 Ab was administered intravenously at doses of 40, 150, and 400 µg per mouse before the onset of clinical symptoms on days 0 and 3. The arthritic group was intravenously administered 400 µg of rabbit IgG. Arthritic score (a), incidence of arthritis (b), food intake (d), and body weight (e) were monitored. Representative gross appearances of the forepaw are shown (c). Arthritic mice were therapeutically treated with M5 Ab after the onset of symptoms on day 3, and arthritic scores were monitored (f). Each point represents the mean score ± SEM of five mice. *P < 0.05 and **P < 0.01 for comparison by Mann-Whitney U test with arthritic mice; ## P < 0.01 for comparison by Dunnet's multiple-comparison test with arthritic mice.
of those cytokines in joint extracts. We also found the expression of α4 and α9 integrins in arthritic joins, and the expression was suppressed by M5 Ab treatment. In contrast, the expression of IFN-γ seemed to be the same in three variants.
Discussion
RA is a chronic autoimmune inflammatory disease characterized by progressive destruction of bone and cartilage of joint. Various inflammatory cytokines including TNF-α, IL-1, and IL-6 stimulate the proliferation of synovial cells, which resulted in the formation of pannus, and activated osteoclasts within pannus degrade bone tissues (36) . The attachment of activated osteoclasts to the bone surface through integrin receptors is a critical step in bone resorption by osteoclasts (37) .
Recently, the molecular mechanism that involves in the bone resorption by osteoclasts has been substantially clarified. PTH and possibly IL-1 induce the expression and secretion of RANKL and M-CSF from osteoblasts, and those factors bind to respective receptors on osteoclasts, thus regulating the differentiation and activation of osteoclasts (33) (34) (35) 38) . PTH-induced bone resorption and bone resorption induced by RANKL and M-CSF do not occur in the absence of OPN (7) . PTH-induced increase in TRAP-positive osteoclasts from bone marrow progenitor cells was deficient in OPN null mice (7) . Thus, the differentiation and activation of osteoclasts are OPN dependent, and OPN is located downstream of the RANKL/RANK pathway. Bone resorption by osteoclasts is regulated by the interaction of αvβ3 integrin on osteoclasts and OPN (39) . Indeed, we recently found that OPN and its receptor αvβ3 integrin were coexpressed by activated osteoclasts at the site of bone erosion (10) .
However, anti-β3 integrin Ab, which interferes with the binding between αvβ3 integrin and OPN, could only partially inhibit bone resorption induced by PTH. Alternatively, it is conceivable that the cryptic OPN epitope SLAYGLR bound to α9 or α4 integrin receptor on osteoclasts and stimulated differentiation and activation of osteoclasts. This hypothesis is consistent with our findings: (a) osteoclasts derived from bone marrow cells stimulated with RANKL and M-CSF expressed α9 integrin mRNA but not α4 integrin (data not shown), and (b) M5 Ab could significantly inhibit the number of TRAP-positive cells from the progenitor bone marrow cells. In this regard, it is of importance to define whether the cleaved form of OPN is present in IL-1-or PTH-stimulated calvaria in the future. OPN plays a critical role in several distinct steps during the course of RA. In addition to the activation and differentiation of osteoclasts by OPN, the inflammatory infiltrates within joint tissue were also significantly suppressed in the absence of OPN (11) . This is consistent with previous findings that OPN is chemotactic for various inflammatory cells such as macrophages, neutrophils, and lymphocytes (18, 19) . It is likely that the binding of
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The OPN to inflammatory cells is mediated by αvβ3 integrin. However, it was shown that αvβ3 integrin antagonists such as SB273005 and cyclic RGD peptide could ameliorate joint destruction without blocking the inflammatory response in animal models of RA (40, 41) , suggesting that the interaction of OPN with receptors other than αvβ3 integrin may participate in the inflammatory response. The critical issue to be asked here is which portion of OPN and what receptor are involved in the inflammatory responses in RA. It is known that the coagulation activity is enhanced in patients with RA and that the levels of complex of thrombin/thrombin inhibitor are higher than in normal subjects (24) . We recently found that the thrombin-cleaved form of OPN is elevated in synovial fluid of RA (42) . In this study, we found the expression of α9 and α4 integrin in arthritic joints and discovered that M5 Ab specifically recognizing SLAYGLR could significantly inhibit the infiltration of inflammatory cells, indicating the critical involvement of SLAYGLR and its receptor in inflammatory cell responses. Finally, cytokines are critically involved in the pathogenesis of RA (2-5). TNF-α and IL-1 were known to induce OPN expression (43, 44) . In arthritic joints, TNF-α, IL-1, IL-6, and OPN were coexpressed. The abrogation of the binding between SLAYGLR sequence and its receptor by M5 Ab leads to the downregulation of OPN and cytokines, indicating that autocrine and paracrine induction of OPN are members of the cytokine circuit that are involved in the pathogenesis of RA.
It has been known that patients with RA exhibit a condition described as rheumatoid cachexia (45) , which is characterized by a loss of body mass. It is accompanied by elevated resting energy expenditure, accelerated whole-body protein catabolism, and excess production of inflammatory cytokines such as IL-1 and TNF-α. At present, there is no standard treatment Figure 3 were used. Expressions of proinflammatory cytokines, OPN, and integrin mRNA in joint extracts were analyzed using RT-PCR and GAPDH as a housekeeping gene. These are representative data from three separate experiments.
available for rheumatoid cachexia. Since M5 Ab improved food intake and loss of body weight, anti-OPN Ab could also be useful for rheumatoid cachexia.
In conclusion, the present study strongly suggests the involvement of the internal sequence of OPN, SLAYGLR, in the pathogenesis of RA. OPN is involved in the osteoclast-mediated bone resorption through the RANK/RANKL pathway. OPN is also involved in the inflammatory responses in joint through the recruitment of inflammatory cells and augments the expression of cytokines (IL-1β, TNF-α, IL-6, and OPN) and integrins (α4 and α9), and these events are likely mediated by the cryptic domain of OPN, SLAYGLR.
